Abstract-We examined the effect of tributyltin (TBT) on reproduction of the pearl oyster (Pinctada fucata martensii). In a maternal exposure test, five female pearl oysters were exposed to TBT at measured concentrations of 0 (control), 0.092, or 0.191 g/L at 25ЊC for one week, and the embryo developmental success (the ratio of normal D-larvae to all larvae) was measured. The embryo developmental success was significantly decreased in the 0.191-g/L treatment group (65.5%) compared to that in the control group (82.5%; p ϭ 0.031). Concentrations of TBT in the ovary reached 0.088 g/g in the 0.191-g/L treatment group. In a waterborne exposure test, inseminated eggs were exposed to TBT at measured concentrations of 0 (control), 0.020, 0.045, 0.091, 0.192, or 0.374 g/L for 24 h. The embryo developmental success also was significantly decreased in the 0.192-g/L treatment group (78.3%; p ϭ 0.020) and no development at all was observed in the 0.374-g/L treatment group compared with that in the control group (95.4%). These results clearly demonstrate that TBT accumulating in the bodies of bivalves has the potential to inhibit reproduction.
INTRODUCTION
Since the early 1960s, tributyltin (TBT) has been widely used as an antifouling agent in aquatic environments. However, because TBT has been clearly shown to adversely affect many aquatic organisms [1] , its use has been regulated in some countries, including Japan [2] . However, TBT is still detected in water, sediments [3, 4] , and aquatic organisms [5] .
Many studies have been conducted on the toxicity of TBT to aquatic organisms. In fish, TBT has been reported to inhibit growth [6, 7] , behavior [7] , reproduction [8] , and sexual differentiation [9] .
In gastropods, TBT is well known to inhibit reproduction and to induce masculinization, a condition known as imposex. Bryan et al. [10] showed that exposure to TBT at less than 0.001 g/L causes imposex in female gastropods. Female gastropods become sterile from exposure to TBT (Ͼ0.005 g/L) through blockage of the oviduct [11] . In addition, TBT at a nominal concentration of 0.1 g/L induces spermatogenesis in the ovaries of female abalone (Haliotis gigantea) [12] .
In bivalves, the adverse effects of TBT have been studied with regard to shell formation [13] , growth [14] , thermal stress [15] , androgen metabolism [16] , and immunity to disease [17] ; however, few reports have been made regarding its effects on reproduction. Li et al. [18] reported the impairment of fertilization and embryonic development in Pacific oysters (Crassostrea gigas) exposed to TBT at 0.617 g/L or 1.125 g/L, and inhibition of development of embryos and larvae of bivalves exposed to TBT also has been investigated [19] [20] [21] .
In addition, several field studies have reported a causal relation between TBT contamination and the decline of bivalve * To whom correspondence may be addressed (yoshima@agr.kyushu-u.ac.jp).
resources. The population of oysters in Arcachon Bay, France, decreased in the late 1970s but recovered after TBT use was regulated in 1982 [22] . Ruiz et al. [20, 23] demonstrated that TBT might have reduced the natural population of the clam Scrobicularia plana by preventing successful development of embryos.
In Japan, resources of the short-necked clam (Ruditapes philippinarum), a commercially important bivalve, have declined markedly in the Ariake Sea. Also, the pen shell (Atrina pectinata japonica) and the jackknife clam (Sinonovacula constricta) decreased in the last two decades [24] . Several studies have demonstrated that the decrease in bivalve biomass can be attributed to overfishing, decrease of habitat, water pollution, and sediment instability [25] [26] [27] ; however, no study has examined the effect of TBT on reproduction of bivalves.
The aim of this study was to elucidate the reproductive effect of TBT on bivalves by measuring successful embryo development. As a test organism we selected the pearl oyster (Pinctada fucata martensii), which is very suitable for assessing reproduction because it is widely farmed for pearl cultivation in Japan. Breeding techniques-including artificial insemination techniques-are well established, and embryo development is well understood [28] .
MATERIALS AND METHODS

Reagents
Tributyltin oxide (TBTO) and tributyltin chloride (TBTCl) were obtained from Tokyo Kasei Kogyo (Tokyo, Japan). Tributyltin oxide stock solutions of 1 and 10 g/ml were prepared by dilution with dimethylsulfoxide. Tributyltin chloride-d 27 (TBTCl-d 27 ) as a surrogate was purchased from Hayashi Pure Chemical Industries (Osaka, Japan). Tropolone was obtained from Wako Pure Chemical Industries (Osaka, Japan). Special-grade ammonia solution (1 mol/L) was purchased from Nacalai Tesque (Kyoto, Japan). Sodium tetraethylborate was obtained from Strem Chemicals (Newburyport, MA, USA). The SepPak Florisil cartridge was purchased from Waters (Milford, MA, USA). All organic solvents were of pesticide residue analytical grade. Other reagents used were of analytical grade.
Pearl oysters
Cultured pearl oysters (two years old; body wt: male 70 Ϯ 16 g, female 68 Ϯ 10 g) were obtained in June 2000 from pearl oyster farms located in Ago Bay (Hamajima Town, Mie Prefecture, Japan). Maturation of the pearl oysters was confirmed by observation of dissected gonads.
Maternal exposure to TBTO
Five female pearl oysters were exposed to TBTO at 0, 0.1, or 0.2 g/L at 25ЊC for one week in a 2-L glass beaker containing 2 L of seawater. The seawater was prepared by addition of TBTO stock solution. During the exposure periods, the pearl oysters were fed diatoms (Chaetoceros gracilis, 3 ϫ 10 7 to 4 ϫ 10 7 cells/ml) three times a day. Seawater containing TBTO was exchanged twice a day. Ten male pearl oysters were fed diatoms (C. gracilis) in adequate amounts constantly and were acclimatized in a 100-L aquarium at 19ЊC until artificial insemination. Seawater was exchanged every 2 d.
After one week of exposure, we prepared eggs and sperm samples for insemination. Ovaries were removed from female pearl oysters exposed to TBTO, striped several times with a blade, wrapped in gauze, and gently suspended in 1.5 L of filtered seawater containing ammonia (7.5 ϫ 10 Ϫ4 mol/L) for 5 to 10 s. The solution of suspended eggs was diluted to 70 eggs/ml filtered seawater containing ammonia and incubated at 25ЊC for 45 min. During incubation of eggs, testes were removed from mature males (TBTO untreated), striped several times with a blade, wrapped in gauze, and gently suspended in 500 ml of filtered seawater containing ammonia for 5 to 10 s. The obtained sperm solution was kept at 25ЊC for 10 min until insemination.
Artificial insemination was performed 45 min after preparation of the eggs. The 500 ml of sperm solution was diluted to 1000 ml with filtered seawater containing ammonia, and 500 ml of this diluted sperm solution was gently mixed with 1.5 L of the egg solution at 25ЊC. After 10 min, the inseminated egg solution was filtered through a 60-m-mesh nylon net and the eggs were collected with a 20-m-mesh nylon net. The eggs were then washed gently five times with filtered seawater, and resuspended in 2 L of filtered seawater. The remaining ovaries were blotted dry to remove water and stored at Ϫ30ЊC for TBT analysis, as described later.
The inseminated eggs were maintained at 25ЊC for 24 h. After 24 h of incubation, we examined the larvae under the microscope. We examined about 200 larvae from each treatment group after adding 100 l of 4% buffered formalin. We counted successfully developed larvae, which had a straight hinge, and calculated the percentage of embryo developmental success as (number of straight-hinged D-larvae/total number of larvae) ϫ 100 [20] .
Exposure of inseminated eggs to waterborne TBTO
Mature eggs were collected from three mature female pearl oysters (not treated with TBTO), and artificial insemination was performed with sperm obtained from three mature male pearl oysters by using the above-mentioned method.
In 2-L glass beakers containing 2 L of seawater, approximately 8.0 ϫ 10 4 inseminated eggs (27 min after insemination; the second polar body stage) were exposed to TBTO at concentrations of 0 (control), 0 ϩ 100 L dimethylsulfoxide/L (dimethylsulfoxide control), 0.025, 0.050, 0.100, 0.200, or 0.400 g/L at 25ЊC for 24 h. Each test solution containing TBT was prepared by addition of TBTO stock solution to seawater. After 24 h of incubation, 100 l of 4% buffered formalin was added to each beaker and the embryo developmental success in each beaker was assessed as described. Observations were performed on about 200 larvae in each beaker. All exposure tests were conducted in triplicate.
Analytical procedure
Analysis of TBT in the test solutions was performed by following the method of Harino and Fukushima [29] and Iwamura et al. [30] , with slight modifications. One liter of each water sample was acidified with 10 ml of 1 M hydrochloric acid-methanol solution, and spiked with 1 g of TBTCl-d 27 as an internal standard. The sample was extracted twice with 40 ml of 0.1% (w/w) tropolone-hexane solution by stirring for 60 min with a magnetic stirrer. The extract was concentrated on a rotary evaporator to 1 ml at 40ЊC and made up to 10 ml with hexane. This sample was ethylated by addition of 500 l of 5% sodium tetraethylborate solution and 10 ml of water, and shaken for 30 min. This solution was then hydrolyzed with 10 ml of 1 M potassium hydroxide solution by shaking for 60 min. After centrifugation at 3,000 rpm for 10 min, the hexane layer was collected and the aqueous layer was reextracted with 10 ml of hexane. All hexane layers thus obtained were combined and concentrated to 1 ml on a rotary evaporator at 40ЊC. The concentrated hexane was cleaned up with a Sep-Pak Florisil cartridge and the resulting sample was concentrated to 0.5 ml under a nitrogen gas stream at 40ЊC. The TBT was then measured with a gas chromatograph equipped with a mass spectrometer (model 6890 gas chromatograph and model 5973 mass spectrometer, Hewlett-Packard, Avondale, PA, USA). The column was a 30-m ϫ 0.25-mm-inner diameter fused silica capillary column (HP-5MS, Hewlett-Packard) with a 0.25-m film thickness. The carrier and make-up gas was helium (99.999%; flow rate: 1.2 ml/ min). The temperature program of the gas chromatograph was initially 60ЊC (2-min holding time), 20ЊC/min to 130ЊC, 10ЊC/ min to 210ЊC, 5ЊC/min to 260ЊC, followed by a ramp rate at 10ЊC/min to 300ЊC (2-min holding time). The injector temperature, interface temperature, and ion source temperature were 290ЊC, 280ЊC, and 230ЊC, respectively. The ionization voltage was 70 eV. Ions of TBT and TBTCl-d 27 were monitored at an m/z of 263 and 318, respectively. The concentration of TBT was calculated from the ratio between the peak area of TBT and that of TBTCl-d 27 .
The TBT concentrations in the tissues of the pearl oyster were analyzed according to the method above, with slight modifications [29] [30] [31] . About 1 to 2 g (wet wt) of tissue sample was weighed and spiked with 1 g of TBTCl-d 27 as an internal standard and homogenized with 10 ml of 1 M hydrochloric acid-methanol solution by polytron homogenizer (PCU11, Kinematica, Lucerne, Switzerland) for 3 min. The homogenate was extracted twice with 10 ml of 0.1% (w/w) tropolonehexane solution by using an ultrasonicator (B42JH, Branson Ultrasonics, Danbury, CT, USA) for 30 min. Further extraction and measurement of TBT was performed by using the method mentioned above. Recovery tests of TBT were performed (n ϭ 5) with the seawater and tissue samples spiked with 1 g of TBTCl. The average recoveries of TBT were 92 Ϯ 4% in the water samples and 94 Ϯ 5% in the bivalve samples. The detection limits in the seawater and bivalve samples were 0.005 g/L and 0.003 g/g, respectively.
Statistical analysis of data
In the maternal exposure and waterborne exposure tests, all percentage data were normalized by arc-sine square-root transformation; statistical differences in embryo developmental success between the control and the TBT-exposed groups were analyzed by one-way variance and tested by Dunnett's multiple comparison test. The relationships between the TBT concentration in the ovaries or the digestive glands and embryo developmental success were calculated by Kendall's rank correlation. Differences were considered significant at p Ͻ 0.05. All statistical analyses were done by using SPSS 10.1J for Windows software (SPSS, Chicago, IL, USA).
RESULTS
Concentrations of TBT in experimental seawater
In the maternal exposure test, TBT concentrations in the seawater were measured in triplicate three times during the exposure period (at days 0, 3, and 7). The mean measured concentrations of TBT in seawater at the nominal concentrations of 0.100 and 0.200 g/L seawater were 0.092 and 0.191 g/L, respectively. Also, in the waterborne exposure test, concentrations of TBT in seawater at nominal concentrations of 0.025, 0.050, 0.100, 0.200, and 0.400 g/L were 0.020, 0.045, 0.091, 0.192, and 0.374 g/L, respectively. Therefore, we used the measured concentrations in place of the nominal concentrations.
Maternal exposure
The embryo developmental success of the inseminated eggs obtained from females exposed to TBTO was significantly lower in the 0.191-g/L treatment group (65.5%) than in the control group (82.5%; p ϭ 0.031; Fig. 1 ). The embryos that developed abnormally or remained at the trochophore stage finally died. In contrast, no significant difference was observed between the control and the 0.092-g/L treatment group (78.0%).
Tributyltin accumulated in the ovaries and digestive glands of the pearl oysters. The TBT concentrations in the ovaries were 0.040 g/g in the 0.092-g/L treatment group and 0.088 g/g in the 0.191-g/L treatment group. The concentrations of TBT in the digestive glands were 0.086 g/g (0.092-g/L treatment group) and 0.257 g/g (0.191-g/L treatment group). From these results, the bioconcentration factors (BCFs) for the ovaries were calculated to be 435 (0.092-g/L treatment group) and 461 (0.191-g/L treatment group); the BCFs for the digestive glands were 935 (0.092-g/L treatment group) and 1,346 (0.191-g/L treatment group).
A significant negative correlation was found between embryo developmental success and TBT concentration, both in the ovaries (p ϭ 0.030) and in the digestive glands (p ϭ 0.013; Fig. 2 ). These results indicated that TBT accumulating in the ovary affects embryo development.
Waterborne exposure
The embryo developmental success after inseminated eggs were exposed to waterborne TBTO is shown in Figure 3 . In the 0.192-g/L treatment group, embryo developmental success was significantly decreased (78.3%) compared with the control group (95.3%; p ϭ 0.020). Further, no embryo development at all was observed in the 0.374-g/L treatment group. No effect was observed in groups exposed to concentrations lower than 0.091 g/L. The embryo developmental success declined in a dose-response manner as the TBT concentration in the test solution increased (r ϭ Ϫ0.99; Fig. 4) . In the maternal exposure test at 0.191 g/L, TBT accumulated to 0.088 g/g in the ovary and the embryo developmental success was significantly inhibited. A similar effect has been reported in Pacific oysters (C. gigas) exposed to TBT at 0.617 g/L or 1.125 g/L for two weeks [18] .
In the waterborne exposure test, embryo developmental success was significantly decreased in the 0.192-g/L treatment group and completely inhibited in the 0.374-g/L treatment group. Osada et al. [19] reported that the embryo developmental success of C. gigas was decreased after exposure to TBTO at 1.8 g/L for 24 h. In the short-necked clam (R. philippinarum), Kuroda [21] also found decreased developmental success of embryos exposed to TBT at 0.270 g/L for 24 h. These results demonstrate that the development of the pearl oyster embryo is more sensitive to TBT than that of the Pacific oyster or short-necked clam. We conclude that TBT interferes with the development of bivalve embryos.
In the TBT treatment groups, cessation of development at the trochophore stage was observed; however, the mechanism by which TBT inhibited the developmental success of the embryos was unclear. Girard et al. [32] demonstrated that TBT inhibited egg cleavage in sea urchins and suggested that the impairment was caused by prevention of intercellular sequestration of Ca 2ϩ , macromolecule synthesis, and protein phosphorylation. Marinovich et al. [33] reported that TBT reduced adenosine triphosphate levels and protein synthesis in murine epidermal cells. Ozretić et al. [34] showed that TBT-based paint leachates caused inhibition of DNA synthesis accompanied by malformations in developing embryos and larvae of sea urchins. Inhibition of DNA and adenosine triphosphate synthesis also has been reported in rat thymocyte cells exposed to TBT [35] . Thus, the cessation of embryo development at the trochophore stage in the TBT treatment groups might occur because TBT inhibits sequestration of Ca 2ϩ and synthesis of DNA, protein, or adenosine triphosphate.
In maternal exposure to TBT (0.191 g/L) for one week, TBT accumulated in the ovary (0.088 g/g) and digestive gland (0.257 g/g). These values are environmentally relevant. Concentrations of TBT in mussels from Otsuchi Bay were 0.040 to 0.180 g/g [5] . Concentrations of TBT in bivalves from developing Asian countries ranged from 0.0008 to 0.730 g/g [36] . Shim et al. [37] showed that TBT concentrations in Pacific oysters collected from the Korean coast were 0.095 to 0.855 g/g. Thus, we deduce that maternal exposure to TBT might inhibit the success of bivalve embryo development in actual marine environments.
From the results of our study, we calculated BCFs of 460 for the ovary and 1,346 for the digestive gland. The BCF of TBT in Mytilus edulis has been estimated at between 2,000 and 10,000 after 60 d of exposure to TBT [14] . Li et al. [18] reported a BCF of TBT in C. gigas ranging from 2,400 to 7,800 after 42 d of exposure to TBT. However, BCFs of TBT in field studies generally are higher than those in exposure studies. Under field conditions, the BCF of TBT was 25,000 for C. gigas [37] and 11,000 for Mytilus galloprovincialis [38] . The low BCF value in this exposure test might be due to the short exposure periods.
From our results, the lowest-observed-effect concentration of TBT for pearl oysters was 0.191 g/L and the no-observedeffect concentration was 0.092 g/L. However, if we adopt ovary BCF values of 10,000, as suggested by field studies, we can estimate the lowest-observed-effect concentration to be 0.0088 g/L and the no-observed-effect concentration to be 0.004 g/L. These estimated lowest-observed-effect concentration and no-observed-effect concentration values for TBT are environmentally relevant concentrations, as reported elsewhere.
Further, from the results of the waterborne exposure test, embryo developmental success was decreased by exposure to TBT at 0.192 g/L. Maternal and waterborne exposures to TBT may act additively to decrease the developmental success of bivalve embryos and finally reduce the bivalve population. Furthermore, bivalves living in coastal areas are exposed to PCBs [39] and heavy metals [40] . Encomio and Chu [41] demonstrated that PCBs reduced glycogen stores in the adductor muscle of the oyster Crassostrea virginica. His et al. [42] reported that heavy metals, such as mercury, copper, and lead, adversely affect larval development of the oyster C. gigas. Thus, not only TBT but also other chemicals may additively reduce bivalve resources.
In short, we clearly demonstrated that TBT interferes with reproduction of the pearl oyster. We suggest that this phenomenon might occur in bivalves inhabiting coastal areas where TBT concentrations are at the nanogram per liter level, and we speculate that TBT might be a cause of decline in bivalve resources.
